A model for the degassing of Xe, Ar, and He from the Earth has been constructed. The Earth is divided into three idealized reservoirs in terms of their noble gas inventories: undegassed mantle, degassed mantle or mid-ocean ridge basalt (MORB) mantle, and atmosphere plus continental crust. Degassing is assumed to occur via the partitioning of gases between a vapor phase and basaltic melt, in accord with He-Ar isotope systematics which require that 3He be degassed at a slower rate than 36Ar on average. A total inversion technique is used to handle the large uncertainties associated with the input parameters. The model successfully reconciles presently available isotope ratios of Xe/ Xe, Ar/ Ar, and He/He in the different Earth reservoirs, and accurately predicts the present degassing rates of He and Ar. This is the first time that noble gas isotope data have been shown to be consistent with a single degassing model. The success of this model demonstrates the feasibility of a solubility-controlled degassing mechanism, and shows that there is a relationship between noble gas isotope ratios and the melt-vapor partition coefficients for those gases, which has been obscured by the complicated radiogenic growth and degassing equations. The high I29Xe/13øXe ratios in MORB are shown to be consistent with the low solubility of Xe in silicate melts, which resulted in a faster degassing rate for Xe than for other gases in the context of this model. Therefore, the mean degas sing time derived from Xe is not directly applicable to other gases. The degassed mantle, our end-member degassed mantle reservoir, is found to be almost completely degassed for the noble gases, while the exact degree of degassing depends on the species under consideration, as well as the choice of isotope ratios to characterize this mantle segment. If extreme isotope ratios are used, the degree of degassing for the degassed mantle is: 99.92% for 13øXe, 99.7% for 36Ar, 97.5% for 3He, 82% for '*OAr and 88% for '*He. The mean time of degassing, measured from the formation of Earth, is 21+7 Ma for 13øXe, 56+19 Ma for 36Ar, 310-•_120 Ma for 3He, -1.5 Ga for '*OAr, and -0.8 Ga for '*He. Because the degas sing is likely to be solubility controlled at some level, study of noble gases alone does not fully constrain the evolution of the atmosphere. However, the model can be extended to major gaseous species in the Earth's primary atmosphere if the relevant solubilities are known. Similarities between the solubilities of CO 2. CO, and He, and between N 2 and Ar, suggest a mean age for the total atmosphere on the order of 4.4 to 4.3 Ga. The formation of the oceans was a much later event because of the much higher solubility of H20 in silicate melt. If H20 has been the primary outgassing species for ocean water, the oceans have a mean age on the order of 2.7 Ga, suggesting that the volume ratio of continental crust to the oceans might have remained relatively constant during Earth history. For nearly three decades, there has been considerable interest in using noble gas isotope ratios to describe the evolution Copyright 1989 by the American Geophysical Union.
INTRODUCTION
Recent work has established that basalts from ocean islands and mid-ocean ridges are characterized by distinct noble gas isotope ratios and abundance patterns [e.g., Kyser For nearly three decades, there has been considerable interest in using noble gas isotope ratios to describe the evolution ratios), the relative constancy of 4He/3He in MORB, and the fact that He is the only noble gas which cannot be easily contaminated by interaction with seawater, suggest that the noble gas isotopic heterogeneity in DM may be relatively minor. Even if they are variable, however, the extreme isotope ratios we will use may be viewed as characterizing extensively degassed end-member DM. The atmosphere plus continental crust (AC) is taken as the noble gas component which escaped from the mantle through time as well as all of the radiogenic noble gases that were produced in the continental crust. That is, we assume that AC is complementary to DM, (except, of course, for He) and if the present AC were mixed back into the present DM, the mixture would be equivalent to UM. This assumption, referred to as the closed-system assumption, is essential to the development of the model presented here. This three-box model is undoubtedly an oversimplification of the real Earth, given the chemical and isotopic complexities known to characterize the mantle; the reservoirs we have defined are little more than idealized, hypothetical endmembers. We believe, however, that some of the global features of the mantle degassing process can be informatively addressed in this context.
How Good Is the Closed System Assumption?
In view of the fact that there has been considerable discussion regarding the early accretion of an atmosphere by the release of volatiles during meteorite bombardment [e.g., Lange and Ahrens, 1988; Melosh and Vickery, 1988] and about early loss of an atmosphere [Horedt, 1982; Harris, 1978 ] during a highly active phase of the Sun, it is important to examine the closed system assumption carefully.
We can consider two possible effects that would invalidate the closed system assumption. One is the extraterrestrial flux of noble gases directly to the atmosphere, and the other would be the early loss of an atmospheric component that had been outgassed from the mantle. The extraterrestrial influx includes the gas that was released directly from incoming planetesmals during accretion and solar wind additions throughout the Earth's history. If initially the whole mantle of the Earth was outgassing uniformly without fractionation of relative gas abundances, gases released during such a stage would also be included in the extraterrestrial influx because it is equivalent to the release of volatiles from meteorites during meteorite bombardment. This extraterrestrial gas component may also have been greatly depleted during the loss of an early atmosphere.
The loss of such an atmosphere could not be much later than several half lives of •29I; otherwise the alegassed mantle and present atmosphere would have nearly identical •29Xe/•3øXe ratios. Accordingly, the loss of 4øAt would be negligible. Any extraterrestrial source for 4øAr is also negligible due to the very small 4øAr/3*Ar ratios in gas-rich meteorites, and in the solar wind landers and Ebihara, 1982]. Therefore the closed system assumption for 4øAt is well-founded. Based on the discussion of Ar systematics in this and the previous section, it can be shown that the degassed mantle must comprise a minimum of 43% of the total mantle (essentially, this follows directly from a comparison of 4øAt in the atmosphere to 4øAt in the entire Earth). This is a minimum value both because 4øAr in the atmosphere, being almost entirely radiogenic, was not markedly affected by rapid early degassing, and because we know that there remains 40At trapped in the continental crust today. In the previous section, we allowed for some 4øAt trapped in the continental crust and still residing in DM, and arrived at an estimate of 63% for the fraction of DM, and our "preferred" value for (4øAr/36Ar)t•M of 475+_125 suggests that DM comprises 70+-18% of the whole mantle. Therefore, the "lower mantle", or that portion of the mantle which lies below 670 km, must be at least partially degassed, and DM, even as cast using extreme isotope ratios, is larger than the "upper mantle". We remind the reader that our reservoirs are idealized end-members, and the mantle may actually consist of heterogeneous zones which are intermediate in composition between the end-members. It is clear, however, that simple convective isolation of UM from DM across the 670-km seismic discontinuity is not consistent with noble gas systematics as discussed here.
Basic Evolution Equations
Using 4øAr/36Ar as an example, we can write equations for the isotopic evolution of the various reservoirs. Throughout this paper, t refers to time elapsed since the formation of the Earth, t = T = 4.5 Ga refers to the present, and t = 0 refers to the initial time.
The 4øAr/36Ar evolution in UM may be simply described by a Table 1 Table 3 ). The behavior of iodine during melting is not well-known, but 
To evaluate these expressions we must find an appropriate 
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Equations (12), (23) degassing of 13øXe and of 36At when a simple exponential degassing function was used, they used a degassing function with two exponential terms to reconcile the discrepancy based on their belief that the two mean ages should be the same. In this section, we will first demonstrate that this reconciliation is almost impossible for 3He and 3eAr given the isotope constraints and the geochemical coherence of K, U and Th. We will then discuss the potential for solubility-controlled degassing and the resulting relationships between the different noble gases. (12) and ( None of these possibilities can be absolutely eliminated because of the unconstrained nature of the He problem. However, available data are much more compatible with a model where 3He outgasses more slowly than 3•Ar. Therefore, we need to find a means to account for 3eAr degassing faster than 3He. Diffusion can be ruled out because it would require that He be outgassed faster than 36Ar, and it is also too slow to account for large scale degassing. Differential solubility has been suggested by Hart et al. [1985] to explain the higher 3He/36Ar in DM than PUM, and the arguments put forth here support this suggestion.
Our estimates for SAt and S m are 59+16 and 7+3, respectively (see Appendix B). Rewriting equations
The above discussion shows that with present data, the 4He/•He ratio in DM cannot be reconciled with 4øAr/36Ar in DM if we use the same degassing function for both, because the 4He/3He in DM is not "radiogenic" enough, and/or 3He is too high in DM. Allegre et al. [1986/87] also noticed the inconsistency but discussed it from a different point of view.
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They argued that the production rate of 4He in the depleted mantle is only 43% of the degassing rate of ')He at mid-ocean ridges using the parameters they derived. They then proposed a ')He flux from the lower mantle to the upper mantle to account for the observed degassing rate of ')He. This created a 3He flux from the lower mantle to the upper mantle of 2200 mol/yr, twice the 3He degassing rate. We think there are a few shortcomings in their proposal. First, the solution to the ')He abundance problem created a 3He problem of similar magnitude (within a factor of two) although they argue that the latter is more acceptable. Secondly, the steady-state degassing requirement used to identify the ')He problem may not be valid because they also showed that for 4øAr, the degassing rate is slower than the production rate. Furthermore, the parameters they used to calculate the production rate (U concentration 3.3 ppb; proportion of the depleted mantle 0. [1988] which show that CO2 in MORB glass may be oversaturated with respect to seafloor pressures, it may be that this vesicle-glass equilibrium is one attained in a subsurface magma chamber. For the purposes of our model, it does not matter whether the melt-vapor distribution reflects seafloor or sub-seafloor pressures, only that equilibrium solubility does play an important role in determining the volatile distribution. We therefore consider it justified to assume that equilibrium between melt and vapor phases is attained, and go on to model the process based on this assumption.
A Model for the Degassing Process
Using the experimentally determined solubility relationships in basaltic magma (see Appendix B), we can relate the degassing functions of the nonradiogenic noble gas isotopes. The exact relationships depend on the form of the degassing models. Here we will consider two end-member models and refer to them as equilibrium and fractional degassing. The equilibrium degassing model implies that the entire "vapor phase" (including the atmosphere and volatiles stored in ocean and in sediments) is in equilibrium with the bulk degassed mantle for the non-radiogenic noble gas nuclides. Because degassing is a gradual process and an evolved vapor phase will separate from the melt and residual mantle, it seems intuitively unlikely that an equilibrium degassing model would be viable.
In the fractional degassing model, only the infinitesimal fraction of vapor separating at a given instant is assumed to be in equilibrium with the melt.
The solubility relationships for the equilibrium and fractional degassing models are derived in Appendix C. The concentrations of different gases in DM during equilibrium degassing are related by equation ( 
Physical Consideration of the Degassing Process
Although the "fractional" degassing model is intuitively much more reasonable, only the equilibrium model formulated here can satisfy the constraints we invoke. In this section we will demonstrate that the average fractionations among different gases produced during "fractional degassing" are similar to those produced by our "equilibrium degassing" Table 2 , we report the results of a sample calculation comparing these two equations using a basalt melt with volatile concentrations similar to those reported by Javoy and Pineau [1986] ; for the calculation we actually used equation (38), the unabbreviated form of (39). For simplicity, constant partition coefficients have been used for all the gases. P,a, is calculated using the solubility data in Table B1 and Ptov is taken as 300 bars (the approximate pressure at a mid-ocean ridge). As seen by comparing the data in the last two rows of Table 2, the intergas fractionation calculated using (38) is nearly indistinguishable from that produced during "equilibrium degassing" as formulated here. Therefore, if the atmosphere is produced by a large number of degassing events of the type described here, then these results would imply that at each stage of Earth history, the entire atmosphere (plus the volatile component stored in the crust) was nearly in equilibrium with the degassed mantle (given that recycling of volatiles into the degassed manfie is not important). Therefore, our equilibrium degassing formulation may, in fact, constitute a reasonable model for the Finally, the •3øXe/36Ar problem might also be solved if the controlling mechanism for degassing were something other than solubility. Such a mechanism would have to outgas Xe and He more slowly than Ar and the high •29Xe/lSøXe ratios in MORBs would be difficult to explain in this context.
In conclusion, we must admit that the Xe/Ar problem has potentially serious ramifications for our model; although one can construct arguments to circumvent the apparent inconsistency, none of them is truly satisfactory. However, the existence of this problem does not diminish the compelling fact that noble gas isotope systematics are consistent with a solubility-controlled degassing mechanism.
RESULTS FOR THE NOBLE GASES
Equations (30) and (31) and (32) coupled with (14), are the four main equations used in the total inversion. Equation (16) was not used because it was already used implicitly to derive the conclusion that (129Xe/13øXe)uM is not different from 6.48, the atmospheric ratio. Equation (18) In other words, the model we have constructed can reconcile the following observations (which was our initial impetus for constructing the model)' (1) best estimates of present-day noble gas isotope ratios in the various Earth reservoirs' (2) initial isotope ratios from meteorite studies; (3) 39K and 4øAr content in DM and in UM; and (4) the solubility measurements for noble gases in silicate melt. Tarantola and Valette [1982] pointed out that for a strongly nonlinear problem, the covariance matrix, even if it could be computed, would not be of great interest. Our problem is strongly nonlinear, and therefore we used a Monte Carlo calculation to cross check the validity of the computed covariance matrix (see run 1', Table 3 ). We found that the computed variance (i.e., output error) is well correlated to the statistical error, (sn-1, for the Monte Carlo runs. Therefore, we think that for our case, the computed covariance is relevant to the problem. See Table 3 for symbols.
From output of the correlation coefficient matrix (Table 4) Although the error on the degassing constant I• is very large and does not strongly correlate to any other parameter (which means that we cannot further constrain it by better measurements of noble gas isotopic ratios), the resultant uncertainties in the mean time of degassing of the different species are not very large. This counterintuitive result is due to the correlation of error on B i [see (29)] with [•, which cancels the large error on I• in calculating the mean times for degassing. This implies that the mean degassing times and rates for the noble gases are largely determined by the isotope ratios. Note that I• is related to the mean time of degassing of the entire atmosphere plus volatiles stored in oceans and continental crust. Thus, the large error on I• means that it is difficult to accurately predict the mean age of the entire atmosphere using only noble gas isotope data. This is because the solubility constraint we have adopted dictates that gases with different solubilities have different mean ages. The solubilities of the major gas species in the atmosphere are therefore required to better constrain the mean age of the total atmosphere. Table 3 concentration in DM were the same as that in UM (•o degassing for 4øAt), the DM must still be more than 98% (=1-•) degassed. If we use "average" rather than "extreme" MORB isotope ratios for the calculations (as in run 2, Table 3 ), the extent of outgassing will decrease somewhat and the mass fraction of DM (the degassed reservoir) will become greater than our estimate of (70_+10)% (the smaller error here is estimated from model output) discussed earlier in the section on the closed system assumption. These estimates suggest greater extents of degassing than those proposed by Sarda et el. [1985]. Our estimated (3He/36Ar)uu is higher by a factor of 7 than the planetary ratio of 0.009 [Ozima and Podosek, 1983] . We see no way to reconcile the two ratios in the context of closed system assumption. Thus the Earth must have had a higher 3He/36Ar than CI chondrites when it was formed. The calculated 3He/36Ar ratio would imply (3.3_+1.1)x10 •4 mol of 3He in the present atmosphere if it had not been lost to outer space. The average escape rate for 3He is 70,000 mol/yr which is about 40 times the present escape rate (taken as 1800 mol/yr [Lupton, 1983] ). Our model used a simple function to describe the evolution of noble gases in the degassed mantle. The real physical meaning of this exercise is like the fitting of a prescribed functional form (similar to straight line or polynomial fitting) to the actual evolution of the noble gases. Because isotopic constraints are the main constraints, the best fit of the curve tends to reproduce the isotope ratios. Because the degassing is an early event and early degassing contributes the most to the observed isotope ratios, the best fit function is biased toward early Earth history (i.e., it describes early history better than more recent time). Therefore, we do not necessarily expect to find agreement between presently observed degassing rates and estimates based on the model, especially since the degassing rate is the slope of the best-fit curve. Nevertheless we have calculated the present-day absolute degassing rates as a cross check. By equating the total initial amount of 36Ar in DM to the present-day atmospheric 36At and using the calculated 3He/36Ar ratio in initial mantle, we get the total initial amount of 36Ar and 3He in the DM. We can then use the model output to , show this value to be -0.5 in popping rocks. They obtained He/At ratio of about 1.6; this is essentially a 4He/aøAr ratio. Assuming no contamination for 4He and 4øAr (while contamination for 36Ar may be significant) and taking the mantle 4He/3He and 4øAr/36Ar ratios to be 88,000 and 28,000 respectively, the 3He/36Ar degassing ratio is -0.5.
The apparent success of this model in reproducing observed present-day degassing rates, despite the lack of any input concerning these parameters, is strong support for the general validity of the model. In trial run 4 (Table 3) uncertainty too large to permit evaluation of continental crust degassing.
IMPLICATIONS FOR OTI-•IF_,R GASES
One feature of this model which distinguishes it from previous models is that the various gases are assumed to behave differently according to their partitioning behavior in a meltvapor system. Therefore, we cannot use the mean age of any single gas as the mean age of the atmosphere, and study of the noble gases alone cannot provide a complete history of atmospheric evolution (no more than the evolution history of continents can be accurately evaluated on the basis of the behavior of a single element). However, the model can be used as a new framework to understand evolution of the early atmosphere, and can be extended to the degassing histories of other gaseous components, provided their speciation and solubilities are known. Because the speciation of many components may change through geologic history, extra caution must be exercised in any interpretation. [Khitarov and Kadik, 1973] . Therefore if CO2+CO, N 2 and H20 are the main species for carbon, nitrogen and ocean water over geologic history (see Holland [1984] for a review), we would expect the degassing rate of nitrogen to be similar to Ar and carbon to be similar to He (see Figure 5) , and the degassing of water to be much slower.
Possible recycling of volatiles via subduction (of, e.g., CO 2 ) complicates the picture. Figure 5 diagrams the evolution of various gas species in the atmosphere without consideration of recycling or timedependent speciation. Although we reiterate that there is no simple "mean age" for the atmosphere, the development of a "mature" atmosphere was still a much earlier event (about 4.3 Ga) than that of the total oceans, because of the high solubility of water in magmas. The mean age and the evolution of the ocean can be estimated if H20 was the primary species for degassing H. This mean age is -2. glass. Such results could be compared to ratios in AC, and might lead to constraints on the nature of early speciation and atmospheric evolution if the role of subduction can be accnrately assessed.
SUMMARY AND CONCLUSIONS
Ar and He isotopic systematics demonstrate that the relative degassing rate of 3He must be slower than that of 36Ar on the average, which suggests that the degassing history of the Earth might have been controlled by melt-vapor partitioning. A solubility controlled, equilibrium outgassing model for the Earth has been constructed using noble gas isotope ratios and measured solubilities in basaltic magma. Successful reconciliation of the various input constraints (including the apparently inconsistent isotopic ratios of the various noble gases) demonstrates the viability of a solubility controlled degassing mechanism. Accurate prediction of present-day degassing rates for 3He and 36Ar strongly supports the validity of the model. Early versions of this paper created some confusion among readers as to what was assumption and what was conclusion, particularly with reference to the solubility model. Were the coupling of radiogenic growth with planetary degassing a mathematically simpler matter, we might have been able to assess the viability of a solubility-controlled degassing mechanism by, for example, looking for a linear correlation on a two-dimensional variation diagram. This would be analogous to demonstrating that an igneous rock may have crystallized at a particular time in the past, based on the observation that its constituent minerals define a linear array on an isochron diagram; the observed relationship is necessary, but not sufficient to prove the hypothesis. In this example, the hypothesis that the minerals in question crystallized at a single time from a common magma, and that they have existed as closed systems since that time, can be tested by plotting the data on an isochron diagram. In the context of Earth degassing, the solubility hypothesis, suggested by the requirement of different outgassing rates for Ar and He, has been tested with a mathematical model, and shown to be consistent with observations concerning noble gas isotope ratios in the present-day Earth. The success of this model was necessary, therefore, to demonstrate the feasibility of the solubility hypothesis, as it is developed here, but is not sufficient to prove it. The degrees of outgassing of the MORB mande (i.e., our endmember "degassed mantle") for 13øXe, 36Ar, 4øAr, 3He and 4He are (99.92_+0.03)%, (99.73_+0.10)%, (82-+8)%, (97.5_+1.5)%, and (88_+8)%, respectively. A minimum of 50% of the whole mantle has been outgassed to these levels. Therefore, given the simplest two-box layered mantle scenario, the upper degassed or depleted layer (although depleted mantle, as used in reference to trace elements, need not be equivalent to degassed mantle) would have to extend to depths considerably in excess of 650 km. Because there is no seismically defined boundary at depths of 1200 to 1800 km, it seems likely that degasseal and undegassed mantle segments are not simply layered, as has sometimes been assumed. This does not preclude the upper mantle having a fairly uniform rare gas distribution (as is suggested, for example, by the uniformity of He isotope ratios in MORBs), but if this is the case, then the lower mantle must comprise a mixture of more and less degasseal (or even undegassed) zones. This result contravenes the conventional wisdom that convective isolation is required to sustain noble gas isotopic variations over long periods of time in the mantle.
The development and evolution of the oceans and atmosphere can be discussed in the context of our model if the speciation of carbon, nitrogen, hydrogen and sulfur and the solubilities for those species are known. The simplest assumptions regarding these parameters suggest that the development of the atmosphere was a much earlier event than the development of the oceans, and that the mean ages of the oceans and continents Table 3 
